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Figure 1. Regulated Intramembrane Proteol-
ysis in MAG-Induced Growth Inhibition
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PKC activity in this process. These are exciting findings
that will have a major impact on the field. Given the
breakneck pace at which work in this field is proceed-
ing, we predict rapid progress in this area and a quick
resolution to many of the interesting questions raised
by this work.
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DISCO! Dissociation of Cone
Opsins: the Fast and
Noisy Life of Cones Explained
Vertebrate retinas contain two types of photorecep-
tors. Rods are for vision in dim light, while cones pro-
vide high-speed color vision in bright light. In this is-
sue of Neuron, Kefalov et al. present data to explain
the reduced sensitivity and faster response kinetics
of cones. They show that the chromophore dissoci-
ates from cone but not rod visual pigment, yielding
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841Figure 1. Visual Transduction Cascade in a Vertebrate Photore-
ceptor
Absorption of a photon (hv) by an opsin visual pigment isomerizes
its 11-cis retinal (11cRAL) chromophore to all-trans retinal (atRAL).
This converts the pigment to its active form, metarhodopsin II (MII).
MII potently stimulates the G protein transducin, which activates
the effector molecule, cGMP phosphodiesterase. The plasma
membrane of photoreceptors contains a cGMP-gated cation chan-
nel permeable to Ca2+ and Na+ ions. Activation of cGMP phospho-
diesterase reduces the concentration of cGMP, resulting in channel
closure and membrane hyperpolarization. Guanylate cyclase resyn-
thesizes cGMP from GTP. This step is inhibited by Ca2+ through
guanylate cyclase-activating protein. MII is inactivated by rhodop-
sin-kinase phosphorylation and binding to arrestin. This step is also
inhibited by Ca2+ through recoverin. MII decays to yield free atRAL
and apo-opsin. Apo-opsin also stimulates transducin, at much
lower efficiency than MII. Fresh 11cRAL from the RPE recombines
with apo-opsin to reform the light-sensitive visual pigment. As
shown by Kefalov and colleagues, cone opsins have higher rates
of chromophore dissociation and spontaneous (thermal) activation.apo-opsin. This apo-opsin activates the signaling
cascade to desensitize cones and speed the photore-
sponse.
Light perception in vertebrates is mediated by two
types of photosensitive cells. Rods are specialized for
vision in low light and function as single-photon detec-
tors. Cones subserve color vision at high temporal res-
olution but are much less sensitive than rods. The reti-
nas of most vertebrate species including humans contain
predominantly rods. Nonetheless, cones are more im-
portant than rods for vision in humans. With the advent
of artificial lighting, people spend much of their time
under conditions where the rod response is saturated
and vision is mediated entirely by cones. Rods and
cones are morphologically similar. Both contain an
outer segment comprising a dense stack of membra-
nous discs. These discs are packed with rhodopsin or
cone opsin visual pigment and are the sites of photon
capture and reactions of the visual transduction cas-cade (Figure 1). Important functional differences exist
between rods and cones. In particular, cones are 100-
fold less sensitive to light than rods. Also, the photore-
sponse of cones is several-fold faster than rods. In the
current issue of Neuron, Kefalov et al. (2005) present
data that explain the lower sensitivity and faster re-
sponse kinetics of cones.
To understand the significance of their results, we
must first consider how a photoreceptor cell transforms
the capture of a photon to a change in membrane po-
tential. Opsin visual pigments are members of the G
protein-coupled receptor family. The ligand for these
receptors is the vitamin A analog 11-cis retinal (11cRAL),
which is covalently coupled to the opsin protein through
a Schiff base linkage. Absorption of a photon by an
opsin pigment induces 11-cis to all-trans isomerization
of the retinaldehyde chromophore. This isomerization
induces a conformation change in the opsin protein,
resulting in activated metarhodopsin II (MII). MII is a
potent stimulus for the G protein transducin in the vi-
sual transduction cascade (Figure 1) (Arshavsky et al.,
2002). After a brief period, MII is inactivated by phos-
phorylation and the subsequent binding of arrestin. The
Schiff base in MII hydrolyzes to yield free all-trans reti-
nal (atRAL) and apo-opsin. Interestingly, apo-opsin also
activates the transduction cascade, albeit at much
lower efficiency than MII (Fain et al., 2001). Light sensi-
tivity is restored by recombination of apo-opsin with
11cRAL to regenerate the opsin pigment. The enzy-
matic conversion of atRAL to 11cRAL occurs through
a process called the visual cycle in RPE and Müller cells
(Lamb and Pugh, 2004). Unlike apo-opsin, holo-opsin
pigments do not activate transducin.
Kefalov et al. (2005) studied the regeneration of visual
pigments in salamander cones and rods. Photorecep-
tors in this species are large enough to be drawn into
a suction electrode for physiological recording. They
presented dark-adapted cones and rods with exoge-
nous 9-cis-retinal (9cRAL), which combines with rod or
cone apo-opsins to form the cognate iso-visual pig-
ments. These iso-pigments are spectrally distinct from
pigments formed with 11cRAL, which permits their in-
dependent quantitation. With dark-adapted rods, Kefa-
lov and colleagues observed virtually no formation of
iso-rhodopsin, indicating that the formation of rhodop-
sin is irreversible. In contrast, dark-adapted cones
readily exchanged chromophore with 9cRAL. These ob-
servations led to the surprising conclusion that 10% of
opsin in a dark-adapted cone is in the apo-state with
no bound chromophore. They estimate that this amount
of apo-opsin stimulates the transduction cascade at a
rate equivalent to the capture of 500 photons per sec-
ond. When Kefalov and colleagues added the 11cRAL
binding protein CRALBP to the medium, they observed
further desensitization of cones, with no effect on rods.
This desensitization was due to CRALBP pulling chro-
mophore from cone opsin and thereby increasing the
fraction of noisy apo-opsin. Another potential source of
dark noise comes from spontaneous (thermal) isomer-
ization of 11cRAL in an opsin pigment to yield MII. The
spontaneous rate of rhodopsin activation is extremely
low, approximately one isomerization event every 2000
years (Baylor et al., 1980). To determine the rate for
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5rhodopsin and red cone opsin separately in rods and
Ccones of transgenic Xenopus (Kefalov et al., 2003). In
Fthis elegant study, they demonstrated that photorecep-
Ptor desensitization and speeding of the photoresponse
Kwere properties conferred intrinsically by a cone pig-
tment unrelated to its cellular environment. They esti-
Kmated that thermal isomerization of cone visual pig-
wments in a Xenopus photoreceptor was equivalent to
Lthe capture of 200 photons per second. Together,
3dissociation and thermal activation of the chromophore
Min cone pigments accounts for most if not all of the
r
reduced sensitivity observed in cones.
PWhat about the faster photoresponse in cones? The
R
target molecule of the visual transduction cascade is a
cyclic GMP (cGMP)-gated cation channel that is per- D
meable to calcium ions (Figure 1). Constitutive activa-
tion of the cascade in cones due to dissociation and
thermal isomerization of opsin results in depressed in-
tracellular levels of calcium. Calcium acts through two
myristoylated proteins to regulate steps in the visual
transduction cascade. The first is recoverin, which in-
hibits rhodopsin kinase in its calcium bound state
(Chen, 2002). Rhodopsin kinase phosphorylates MII,
which then binds arrestin to inactivate it. Thus, when
calcium is low, the activity of rhodopsin kinase is high,
and the life span of MII is short. Guanylate cyclase-
activating protein in its calcium bound state inhibits
guanylate cyclase and therefore lowers cGMP (Pal-
czewski et al., 2004). When calcium is low, guanylate
cyclase activity is high, and the photoreceptor recovers
rapidly from light stimulation. These two effects con-
tribute significantly to the faster photoresponse ob-
served in cones.
The work of Kefalov et al. has also raised some inter-
esting questions. For example, the high dissociation
rate of cone opsins combined with the irreversibility of
rhodopsin formation underscores the tendency of rods
to steal chromophore from cones. This is a potentially
serious problem for cones in bright light, since rods are
much more abundant than cones in most retinas, and
the rates of photon capture by rods and cones are sim-
ilar. Thus, saturated rods consume great quantities of
chromophore under daylight conditions while contrib-
uting nothing to useful vision. Evidence for an alternate
visual cycle, affording cones a private supply of chro-
mophore precursor and thus freeing them from compe-
tition with rods, was recently published (Mata et al.,
2002). However, the catalytic activities of this pathway
were only observed in cone-dominant chicken and
ground squirrel retinas. Given the new results from Kef-
alov and colleagues, it will be interesting to see if these
activities can be detected in retinas that contain a pre-
ponderance of rods.
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